The Greater Mekong Subregion (GMS) has experienced rapid economic growth and urbanization. However, few studies have paid attention to urban land use dynamics, especially spatiotemporal patterns of urban expansion and land use change, in this region. This research aimed to conduct a comprehensive study of urban land use change in Xishuangbanna, Yangon, Vientiane, Phnom Penh, Bangkok, and Ho Chi Minh City, from 1990 to 2015. The analysis was based on land use maps derived from Landsat satellite products and employed urban expansion intensity, sector analysis, gradient-direction analysis, and landscape metrics. The results show Xishuangbanna, Yangon, Vientiane, Phnom Penh, Bangkok, and Ho Chi Minh City all experienced dramatic urban expansion and land use change since 1990, with urban expansion intensities of 15.01, 5.26, 9.15, 1.56, 11.88 and 11.91, respectively. The landscape metrics analysis indicated that urban areas were always aggregated and self-connected, while other land use types showed trends of disaggregation and fragmentation. In the process of urban expansion, paddy and natural land use types were commonly transformed to built up area. The results further reveal several common issues in urban land use, e.g., land fragmentation and loss of natural land use types. Finally, the discussion on the relationship between government policy and land use change for these cities shows land reform and attitude toward foreign direct investments played important roles in urban land use change in GMS.
Introduction
Under the increasing trend of globalization, over half of the world's population (54%) lives in urban areas and most urbanized regions are distributed in Northern America, Latin America, the Caribbean, and Europe. In contrast, Africa and Asia remain mostly rural, with only 40% and 48% of their respective populations living in urban areas. According to the prediction of the United Nations, the world is expected to urbanize further in the coming decades. Africa and Asia are going to experience faster urbanization in the near future [1] . Xishuangbanna is located between latitudes 21°10' and 22°40'N, and longitudes 99°55' and 101°50'E, and includes one city (Jinghong) and two counties (Menghai and Mengla). It covers about 19120 km 2 , with attitude varying from 475 m to 2430 m above sea level [35] . Yangon lies at east of the Ayeyarwaddy River delta in Myanmar, and covers 2934.58 km 2 . The average annual temperature is 27.4 °C, and April is the warmest month of the year, with an average temperature of 30.7 °C [32] . Vientiane is the capital of Lao PDR and covers approximately 3583 km 2 . It is located on the left bank of the Mekong River, and borders to Nong Khai Province of Thailand on the south. The annual average rainfall of Vientiane is 1660.5 mm [36] . Phnom Penh is situated on the banks of the Mekong River, Tonle Sap River, and Bassac River, and surrounded by the typical Cambodian flood plain. As the capital of Cambodia, Phnom Penh is also the center of economy, culture, politics and transport [37] . Bangkok Metropolitan Area (hereinafter referred to as Bangkok) is the capital of Thailand, and covers almost 1500 km 2 . It is also the largest hub of transportation, commercialization, services and tourism in Thailand. The average maximum and minimum temperatures are 34 °C and 25.25 °C, respectively [33] . Ho Chi Minh City, once known as Saigon, is located in the southern part of Vietnam and covers about 2094 km 2 . It is the financial capital and the prime economic hub of Vietnam with more than eight million inhabitants [38] . These six cities have all experienced rapid urbanization and population growth (Figure 2) , and showed significant importance in their countries in the past decades.
Figure 1. Locations of six typical cities in the Greater Mekong Subregion (GMS).
Xishuangbanna is located between latitudes 21 • 10 and 22 • 40 N, and longitudes 99 • 55 and 101 • 50 E, and includes one city (Jinghong) and two counties (Menghai and Mengla). It covers about 19120 km 2 , with attitude varying from 475 m to 2430 m above sea level [35] . Yangon lies at east of the Ayeyarwaddy River delta in Myanmar, and covers 2934.58 km 2 . The average annual temperature is 27.4 • C, and April is the warmest month of the year, with an average temperature of 30.7 • C [32] . Vientiane is the capital of Lao PDR and covers approximately 3583 km 2 . It is located on the left bank of the Mekong River, and borders to Nong Khai Province of Thailand on the south. The annual average rainfall of Vientiane is 1660.5 mm [36] . Phnom Penh is situated on the banks of the Mekong River, Tonle Sap River, and Bassac River, and surrounded by the typical Cambodian flood plain. As the capital of Cambodia, Phnom Penh is also the center of economy, culture, politics and transport [37] . Bangkok Metropolitan Area (hereinafter referred to as Bangkok) is the capital of Thailand, and covers almost 1500 km 2 . It is also the largest hub of transportation, commercialization, services and tourism in Thailand. The average maximum and minimum temperatures are 34 • C and 25.25 • C, respectively [33] . Ho Chi Minh City, once known as Saigon, is located in the southern part of Vietnam and covers about 2094 km 2 . It is the financial capital and the prime economic hub of Vietnam with more than eight million inhabitants [38] . These six cities have all experienced rapid urbanization and population growth (Figure 2) , and showed significant importance in their countries in the past decades. 
Data Processing
In this study, six periods (1990, 1995, 2000, 2005, 2010 , and 2015) of land use maps were produced based on Landsat TM/ETM+/OLI imagery (http://glovis.usgs.gov). To improve classification accuracy, images of both dry season and wet season at each year for most typical cities were acquired.
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Data Processing
In this study, six periods (1990, 1995, 2000, 2005, 2010 , and 2015) of land use maps were produced based on Landsat TM/ETM+/OLI imagery (http://glovis.usgs.gov). To improve classification accuracy, images of both dry season and wet season at each year for most typical cities were acquired. 
In this study, six periods (1990, 1995, 2000, 2005, 2010 , and 2015) of land use maps were produced based on Landsat TM/ETM+/OLI imagery (http://glovis.usgs.gov). To improve classification accuracy, images of both dry season and wet season at each year for most typical cities were acquired. Land use classification scheme for major cities in the GMS. Words in parentheses are classification criteria, words in bold fonts are classification results using criteria above them. NDVI, Normalized Difference Vegetation Index [39, 40] ; NDWI, Normalized Difference Water Index [41] . Land use types are highlighted in red color. Totally, more than 150 Landsat images (see Table A1 in Appendix A), mostly L1T level with systematical, radiometrical, geometrical, and topographical correction, were downloaded for the cities. Non-L1T images were ortho-rectified using Digital Elevation Model (DEM, https://earthexplorer.usgs. gov/) and the existing L1T images. The images of the typical cities for each period were then acquired using the approaches of band composition, image mosaicking, and clipping. Before band composition, the thermal infrared band and panchromatic band were excluded to obtain the uniform resolution (30 m). Land use types were mainly defined under the FAO Land Cover Classification System [42] . Given the variation in geographical context, land use types for typical cities were not exactly same as one another, but they usually had common land use types, such as built up area, forest, paddy, etc. Image interpretation followed the land use classification scheme in Figure 3 and was carried out using the object-based classification software eCognition Developer 8.7 [43] . The object-based classification in eCognition Developer consists of two steps (see an example of land use classification approaches in Appendix B). The first step is the production of segments, which serve as the basic units for further analysis. Segmentation performance was evaluated in Table A2 in Appendix B. The next step is to categorize these objects according to their attributes, such as shape, texture, color, and relative position to other objects. Visual modification was employed to improve classification results. Finally, accuracy assessment was implemented based on sample points from field survey and Google Earth. We adopted the stratified sampling method and ensured each land use type would include at least 10 sample points. The overall accuracy and kappa values are listed in Table 1 . The urban expansion intensity (UEI) is an important indicator that reflects the urban expansion rate or speed at different periods [44] [45] [46] . UEI is the ratio of built up area change per unit time:
Land use classification scheme
where UEI t~t+n is the urban expansion intensity from time t to time t + n and ULA t and ULA t+n represent built up area at time t and time t + n, respectively.
Sector Analysis
The sector analysis is effective for characterizing spatial distributions in various land use types in terms of orientation relative to a pre-defined urban center [47] [48] [49] . In this study, sector analysis was used to analyze spatial variation in urban expansion for the cities. Firstly, we defined the central point for each typical city (government building of Xishuangbanna Dai Autonomous Prefecture for Xishuangbanna, Independence Monument for Yangon, Patuxai for Vientiane, Grand Palace for Bangkok, Royal Palace for Phnom Penh, and Independence Palace for Ho Chi Minh City), and 16 fans were drawn by extending the rays from each center with intervals of 22.5 • . Sector analysis was then be implemented by summarizing the built up area in each fan [50] .
Landscape Metrics
Landscape metrics analysis has been widely used to describe land use change that cannot be observed visually. The spatial-temporal change in land use patterns can be detected and characterized using landscape metrics based on the shape, size, number, and other parameters of land use patches derived from remote sensing data [51] [52] [53] [54] .
In this study (Table 2) , four landscape metrics, namely Landscape Division Index (DIVISION), Patch Cohesion Index (COHESION), Aggregation Index (AI), and Contagion Index (CONTAG), were used to investigate the composition and configuration of major land use types [35] . DIVISION and COHESION quantify the connectivity of the landscape habitat, AI provides a measure of class-specific aggregation, and CONTAG measures both patch interspersion and dispersion at landscape level. High values of COHESION and AI mean the land use type are self-connected and aggregated geographically, whereas a high value of DIVISION means land use patches are dis-connected with each other and vice versa. Generally, a high value of CONTAG indicates that the dominant land use patches are well connected in a landscape, whereas a low value usually means the landscape is more fragmented. All these quantitative analyses were implemented using the landscape pattern analysis software FRAGSTATS (version 4.2) [55] . [53,59,60]
P i = proportion of the landscape occupied by patch type (class) i. g ik = number of adjacencies (joins) between pixels of patch types (classes) i and k based on the double-count method. m = number of patch types (classes) present in the landscape, including the landscape border if present. [52, 58, [61] [62] [63] 2.3.4. Gradient-Direction Analysis Gradient-direction analysis is an upscaling process for summarizing the trend of the spatial-temporal variation of the land use pattern [35] . This method firstly draws several concentric rings over urban areas with a certain interval. The scope of the largest concentric ring should cover the complete urban area, and reach to land use types with less of human activity effect (forest, water body, etc.). Secondly, 16 fans are drawn by extending the rays from urban center with an interval of 22.5 • . The concentric rings intersect with those fans and generate a series of segment zones. Finally, each segment zone is represented by the land use type with largest proportion. Xishuangbanna is a mountainous city, and has the largest area (approximately 19,120 km 2 ) in this region, which is even larger than the total area of the other five cities. In Xishuangbanna, 13 land use types were classified, including built up (including city proper and towns), river, water (including lake, reservoir, and ponds), pending construction land, rural, road, flood land, rubber, forest, shrub, paddy, upland field, and others (grassland, bare land, and vacant land). As observed in Table 3 , forest, rubber, and shrub are the major land use types, which covered more than threequarters of the whole Xishuangbanna. Forest and shrub area decreased by about 1900 km 2 and 2200 km 2 , respectively, whereas rubber expanded more than 3200 km 2 , from 1990 to 2015. Paddy remained relatively stable, ranging from 816 km 2 to 840 km 2 Xishuangbanna is a mountainous city, and has the largest area (approximately 19,120 km 2 ) in this region, which is even larger than the total area of the other five cities. In Xishuangbanna, 13 land use types were classified, including built up (including city proper and towns), river, water (including lake, reservoir, and ponds), pending construction land, rural, road, flood land, rubber, forest, shrub, paddy, upland field, and others (grassland, bare land, and vacant land). As observed in Table 3 , forest, Remote Sens. 2019, 11, 801 8 of 28 rubber, and shrub are the major land use types, which covered more than three-quarters of the whole Xishuangbanna. Forest and shrub area decreased by about 1900 km 2 and 2200 km 2 , respectively, whereas rubber expanded more than 3200 km 2 , from 1990 to 2015. Paddy remained relatively stable, ranging from 816 km 2 to 840 km 2 The land use types in Yangon were classified as built up, paddy, other crops, water, river, aquaculture, forest, shrub/grassland, golf course, and pending construction (Table 4) . Built up and paddy were the major land use types in Yangon. Generally, Yangon was built up along Yangon River, surrounded by a large area of paddy. In 1990, paddy was the dominant land use type, which accounted for approximately 60% of the total area of Yangon, while it decreased to 354 km 2 In this study, the land use types were classified as built up, water, forest, others (bare land, vacant land, etc.), upland field, paddy, shrub, river, grassland, orchard, and tidal flat. Forest and paddy were the major land use types in Vientiane (Table 5 ). Since 1990, forest was mainly distributed Remote Sens. 2019, 11, 801 9 of 28 in mountainous area and decreased from more than 2400 km 2 to less than 1800 km 2 , while paddy spread over the plains areas and increased from about 800 km 2 to more than 1000 km 2 . Vientiane also experienced significant urban expansion, and the built up area increased more than two times from 61.91 km 2 in 1990 to 204.4 km 2 in 2015. Upland field, distributed among mountainous areas in the west of Vientiane, also increased from 52.07 km 2 to nearly 200 km 2 in the past years. Phnom Penh had the smallest area among the cities in this study. In Phnom Penh, 14 land use types were categorized, including built up, paddy, tidal flat, aquaculture, river, others, water, aquatic crop, swamp, grassland, shrub, forest, orchard and rural (Table 6 ). Paddy was the dominant land use types and it remained stable relatively in the study period. The built up area was only about 30 km 2 in 1990. However, it expanded approximately three times by 2015. Tidal flat and grassland were also important land use types in Phnom Penh. However, they decreased from 62.29 km 2 and 104.77 km 2 to 14.28 km 2 and 45.48 km 2 , respectively, in the past years. The land use characteristics in Bangkok were relatively simple, with only nine land use types classified: built up, water, paddy, orchard, aquaculture, grassland, golf course, forest/shrub, and others (Table 7) . Generally, built up, paddy, orchard, forest/shrub, and aquaculture were the major land use types in Bangkok. As shown in Figure 4e , these major land use types were easily identified geographically: orchard distributed in the west; paddy distributed in the east; forest/shrub mainly remained within the built up area, which was developed in the middle of Bangkok along Chao Phraya River; and aquaculture distributed in the coastal area in the south of Bangkok. As the most developed city in the GMS, Bangkok had the largest built up area. Although the built up area in 1990 already exceeded 500 km 2 , it expanded about 200 km 2 by 2015. Paddy and orchard decreased by about 110 km 2 and 90 km 2 , respectively, from 1990 to 2015, while aquaculture and forest/shrub remained stable. Ho Chi Minh City had the most complicated landscape characteristics, with 16 land use types classified as: built up, forest, water, orchard, aquaculture, annual crop, perennial crop, mangrove, shrub, grassland, river, land to be used, paddy, tidal flat, swamp, and low density built up (Table 8) . Of these land cover types, low density built up reflected a common phenomenon of urban development in Southeast Asia, known as "Desakota" [64] . Ho Chi Minh City has experienced fast urban development, and the built up area increased from 109.09 km 2 As shown in Figure 5a , Xishuangbanna mainly expanded toward the west of northwest and southwest. Since the construction of Xishuangbanna International Airport at the end of 1990, the built up area started to increase in the southwest direction along the Airport Highway. Urban expansion was extremely high from 2005 especially in the two main directions. In 2008, the upgrading of Xishuangbanna International Airport led to further urban expansion toward the southwest. As an important project to attract investments, Jinghong Industry Park was built by the end of 2006. The development of Jinghong Industry Park then accelerated urban expansion in the west-northwest [35] .
Urban Expansion Dynamics
Considering the geographical context of Yangon, the built up area mainly increased in the northwest and northeast directions. There are two processes of urban expansion: urban sprawl toward the north and north-northwest along the 3rdRoad, Yangon-Mandalay Highway, and Lower Mingalardon Road; and the construction of some satellite projects and industry park in northwest, northeast, and north-northeast. The urban area of Vientiane was mainly distributed along the Mekong River. Besides the directions of the Mekong River, Vientiane has also expanded toward the north-northwest along national roads over the past 25 years. From 1995 to 2000, Vientiane experienced the fastest urban expansion, and the newly grown built up areas exceeded 34 km 2 , of which over 15% occurred in the north-northeast direction. Since 1990, urban expansion exceeded 15 km 2 in the north-northeast direction.
Phnom Penh mainly developed along the airport and the 4th Road toward the west-southwest. Light industry was one of the pillar industries in Phnom Penh. Since 2000, many light industries moved out from urban area [65] and concentrated toward the southwest and west-southwest in order to save rental costs. Furthermore, their products could be directly transported to Sihanoukville (the important port in Cambodia) using the 4th Road. With environmental deterioration and congestion of the urban core area, the middle class in Phnom Penh tended to move to the peri-urban area. Thus, several satellite projects, which could provide better infrastructure, facilities, and cleaner surroundings, were built to the southwest and northwest of the urban core.
In the study period, Bangkok mainly expanded through converting orchard in the west and paddy in the east. From 1995 to 2000, Bangkok experienced most significant urban expansion, and the newly grown built up areas reached approximately 70 km 2 . The fastest urban expansion appeared in the northeast and east from 1990 to 2000. Since 2000, the overall expansion slowed down gradually.
The urban area mainly increased in multiple directions in Ho Chi Minh City over the past decades, of which the northwest showed the most significant expanding trend, accounting for nearly 15% of the new built up area. The built up area also increased more than 10% toward the northeast. Ho Chi Minh City significantly expanded outward in the west-northwest and southwest directions. More than 18 km 2 of built up area increased in the south-southeast direction.
Landscape Metrics Analysis
Three landscape metrics, COHESION, DIVISION, and AI, are used to analyze landscape configuration and land use change of major land use types in typical cities in the GMS (Figure 6 ).
Forest and rubber were the major land use types in Xishuangbanna, and the variation in these two land use types were also closely related to eco-environmental issues, such as land degradation, biodiversity, and wildlife migration. In Vientiane, built up, forest, paddy, and upland field were analyzed to explore the landscape configuration. For these land use types, there was no obvious change in DIVISION. The AI of paddy rose from 91.687 in 1990 to 93.5517 in 2010, and then slightly reduced by 2015. Both COHESION and AI of the built up area increased since 1990, indicating that urban patches were self-connected in the process of urban expansion. The COHESION of upland field also increased in the past years except for 2000, and AI of the upland field continually increased, especially after 2000. Forest were dis-aggregated, since the AI of forest decreased.
In Phnom Penh, paddy and built up area experienced the most significant land use change. Generally, landscape metrics of paddy fluctuated from 1990 to 2015, of which COHESION and AI of paddy first increased from 1990 to 1995, and then decreased after 1995. COHESION and AI of built up area also fluctuated, while DIVISION decreased from 1990 to 2015. In Ho Chi Minh City, four major land use types, including built up, paddy, annual crop, and perennial crop, were analyzed using landscape metrics. For these land use types, variation in DIVISION was not significant in the study period. For built up area, COHESION showed a slightly increasing trend from 1990 to 2015. The decreasing trend in both COHESION and AI of paddy indicated that paddy became dis-aggregated. COHESION and AI of annual crop showed a similar trend to paddy, while the AI of perennial crops increased from 1990 to 2000, and then decreased since then.
The results of landscape metrics (COHESION, DIVISION, and AI) for the major land use types in the selected cities revealed the variation in self-connectivity and aggregation. Generally, in the process of urban expansion, self-connectivity of built up areas usually increased, and built up patches in some cities also aggregated. Land use types outside the built up areas (such as paddy, forest, orchard, etc.) always showed trends of disaggregation and fragmentation.
Urban Expansion Impacts on Other Land Use Types
The gradient-direction analysis could help to visualize and understand how land use types changed in response to urban expansion in Xishuangbanna, Yangon, Vientiane, Phnom Penh, Bangkok, and Ho Chi Minh City (Figure 7) .
In 1990, land use types outside the urban area of Xishuangbanna were mainly paddy, rubber, shrub and forest. The urban boundary was only within 3 km from the urban center. Since then, with accelerating urban expansion, rubber has been expanding dramatically, while shrub and forest kept decreasing. By 2010, shrub almost disappeared, and large area of paddy was transformed into built up area. By 2015, the region outside urban center was dominated by rubber, with barely any shrub, 5% of paddy and 12% of forest.
Yangon's urban area was distributed along the north bank of Yangon River and surrounded by paddy mostly. In 1990, most of the urban area was within 8 km from the urban center, while the urban boundary reached to even 26-28 km from the urban center by 2015. Over the past 25 years, large area of paddy was transformed into built up area. Paddy had the largest area and covered over 60% of the whole Yangon in 1990, however, built up area had exceeded paddy in 2015. In the process of urbanization, the government planned lots of satellite cities and industrial parks, which were classified as pending construction area in this study. Most of them have now become the urban area, while some were abandoned and reclaimed as paddy.
In 1990, Vientiane's urban area was mainly distributed within 4 km alongside the north bank of Mekong River. It was surrounded mostly by paddy mixed with natural forest. By 2015, the urban boundary has extended to 20 km from the urban center, and most of the newly grown built up areas were transformed from paddy and forest. Interestingly, although paddy was a major contributor of urban expansion, the area of paddy did not decrease in the last years. The explanation of this finding is that people outside urban area would be more likely to move to sub-urban area in consideration of living cost, and most of them were still engaged in agricultural activities. As a result, more forest was converted into paddy.
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The gradient-direction analysis could help to visualize and understand how land use types changed in response to urban expansion in Xishuangbanna, Yangon, Vientiane, Phnom Penh, Bangkok, and Ho Chi Minh City (Figure 7) . In 1990, land use types outside the urban area of Xishuangbanna were mainly paddy, rubber, shrub and forest. The urban boundary was only within 3 km from the urban center. Since then, with accelerating urban expansion, rubber has been expanding dramatically, while shrub and forest kept The urban area of Phnom Penh was mainly distributed in the west bank of Mekong River and Donle Sap River, within 6 km from urban center in 1990. Newly grown built up areas were transformed mostly from paddy, grassland, forest, rural area, and other land use type. By 2015, urban area has reached to 13 km from urban center. It should be noted that some natural land use types such as tidal flat and grassland were converted into paddy in the process of urban expansion. For example, the tidal flat in the northwest of Phnom Penh in 2010, 17 km away from urban center, was turned to be paddy by 2015.
Bangkok has a clear land use pattern, with urban area in the middle, paddy in the west, orchard in the east, and aquaculture in the south. Over the past decades, more than 75% of the newly grown built up areas were transformed from paddy and orchard. Urban expansion in the east mostly occurred before 2000, through converting paddy around urban area. Unlike the east, urban expansion in the west was mainly along the transportation infrastructures, and over 80 km 2 of orchard was converted as built up area in the last 25 years.
Ho Chi Minh City has the most complicated land use pattern in this study. In 1990, the urban area of Ho Chi Minh City was mainly within 8 km from urban center. It was surrounded by low density built up area, paddy, forest, and large area of ponds in the south. In the last decades, low density built up area, also known as "Desakota", was the major contributor to urban expansion, followed by paddy, forest, and grassland. Desakota area refers to regions with an intense mixture of agricultural and non-agricultural activities, and in Ho Chi Minh City, low density built up area consisted of large area of paddy. Therefore, the newly grown built up areas were actually mostly transformed from paddy.
Discussion
Addressing Land Use Issues of Typical Cities in the GMS
Natural land use types are essential for eco-environment restoration, such as air purification and water resource conservation. In the process of urban expansion, large area of natural land use types (forest, shrub, grassland, water, swamp, etc.) were transformed into built up areas. Previous studies in Bangkok indicated that urban expansion increased carbon emissions, while the loss of green spaces led to the decline of carbon sinks [33] . Urban heat island phenomenon was another problem in response to rapid urban expansion [32, 66, 67] . Besides, natural land use types were replaced by paddy or cash crop due to the economic benefits. For example, driven by state policy and economic benefits [68, 69] , over 3000 km 2 of forest and shrub in Xishuangbanna were converted into rubber crops from 1990 to 2015. The loss of natural land use types, accompanied with the intensification of cash crops or urban expansion, led to numerous negative environmental consequences [22, 32, 70, 71] . In the GMS, most cities have been developed on flood plains with abundant water resources, so they also face flood risk due to dramatic urban expansion [72, 73] . The loss of natural land use types, especially water, swamp, and grassland, reduced the capacity of flood storage. Many newly expanded urban areas were also built on flood areas. In Yangon, the government launched the urban "squatter" resettlement program for the urban poor, and many new settlements were developed on land that used to be paddy fields subject to flooding [74] . In Ho Chi Minh City, foreign investors were inferior to domestic investors in terms of business information, social networks, and political connections, so they tended to locate their real estate projects in flooding areas in the south and have advertised their properties as waterfront properties [75] . Although Vu et al. argued that most of the newly developed projects were located on higher land and experienced no flood, they addressed that more built up patches indeed increased flood frequency on the nearby low land areas [31] .
Land fragmentation is another problem in response to rapid urbanization [55, 76, 77] . Based on the results of landscape metrics analysis using COHESION, DIVISION, and AI, land use types within urban rural gradient gradually became more disaggregated and fragmented. As shown in Figure 8 , the CONTAG index revealed the land fragmentation of each city at the landscape level. A high value of CONTAG means the dominant land use patches are well connected within a landscape, whereas a low value indicates that the landscape is more fragmented. The CONTAG values of both Xishuangbanna and Vientiane were higher than the other cities because forest was always dominant land use type since 1990. Although paddy was the dominant land use type in Yangon in 1990, the CONTAG of Yangon was lower because paddy was spatially separated by the Yangon River and the Bago River. Since there was no dominant land use type in Bangkok, Phnom Penh, or Ho Chi Minh City, the CONTAG was usually below 60, meaning the landscape is more fragmented. With most complicated land use types, the landscape in Ho Chi Minh City was most fragmented. From 1990 to 2015, there was an increasing trend in land fragmentation in Xishuangbanna and Vientiane, since CONTAG continually decreased in these two cities. The CONTAG of Yangon and Phnom Penh fluctuated and declined in general, whereas the CONTAG of Bangkok and Ho Chi Minh City remained stable.
water, swamp, and grassland, reduced the capacity of flood storage. Many newly expanded urban areas were also built on flood areas. In Yangon, the government launched the urban "squatter" resettlement program for the urban poor, and many new settlements were developed on land that used to be paddy fields subject to flooding [74] . In Ho Chi Minh City, foreign investors were inferior to domestic investors in terms of business information, social networks, and political connections, so they tended to locate their real estate projects in flooding areas in the south and have advertised their properties as waterfront properties [75] . Although Vu et al. argued that most of the newly developed projects were located on higher land and experienced no flood, they addressed that more built up patches indeed increased flood frequency on the nearby low land areas [31] . Land fragmentation is another problem in response to rapid urbanization [55, 76, 77] . Based on the results of landscape metrics analysis using COHESION, DIVISION, and AI, land use types within urban rural gradient gradually became more disaggregated and fragmented. As shown in Figure 8 , the CONTAG index revealed the land fragmentation of each city at the landscape level. A high value of CONTAG means the dominant land use patches are well connected within a landscape, whereas a low value indicates that the landscape is more fragmented. The CONTAG values of both Xishuangbanna and Vientiane were higher than the other cities because forest was always dominant land use type since 1990. Although paddy was the dominant land use type in Yangon in 1990, the CONTAG of Yangon was lower because paddy was spatially separated by the Yangon River and the Bago River. Since there was no dominant land use type in Bangkok, Phnom Penh, or Ho Chi Minh City, the CONTAG was usually below 60, meaning the landscape is more fragmented. With most complicated land use types, the landscape in Ho Chi Minh City was most fragmented. From 1990 to 2015, there was an increasing trend in land fragmentation in Xishuangbanna and Vientiane, since CONTAG continually decreased in these two cities. The CONTAG of Yangon and Phnom Penh fluctuated and declined in general, whereas the CONTAG of Bangkok and Ho Chi Minh City remained stable. Land fragmentation increased land management challenge. For agricultural land, such as paddies and orchards, land fragmentation will result in low production and economic benefits, as well as land degradation [78] . Previous studies also showed that the natural forest in Xishuangbanna were not only dramatically decreased, but being more fragmented, due to rubber plantation and urban development [69, 79] . The fragmentation of green spaces could also endanger biodiversity since the ecological corridors for wildlife were destroyed. Stewart et al. addressed the importance of maintaining large green areas in Bangkok, since small and fragmented green areas supported few pollinators, even when floral resources were abundant [80] . Chaiyarat et al. also indicated that small and fragmented urban green areas led to the decline of birds diversity [81] .
Policy Implications on Urban Expansion and Land Use Change
There is a complicated policy context in the GMS. China, Lao PDR, and Vietnam are socialist countries; Thailand and Cambodia are constitutional monarchy countries; while Myanmar was ruled by a military government before 2010. Since the 1970s, most GMS countries started a series of policy reforms to attract investments and develop their economies.
Rubber was introduced into Xishuangbanna in the 1950s. With the government incentive policy and the rising prices of natural rubber, rubber plantations expanded dramatically, especially since the land tenure reform in the 1980s [82] . From 1990 to 2015, the area of rubber increased over five times, and rubber covered more than one-quarter of all of Xishuangbanna by 2015. Rapid rubber plantation expansion placed huge pressure on forests. Since 1990, more than 1800 km 2 forest was converted into rubber. To protect forest from deforestation and degradation, the Regulations on the Protection of Forest Resources in Xishuangbanna and the National Natural Forest Protection Program were introduced in 1992 and 1998, respectively. These actions might explain why the forest area slightly increased from 1995 to 2000. Due to the great depression of rubber prices at the end of 2008 and policy orientation on forest protection, the increasing trend in rubber plantations slowed after 2008, and rubber only expanded by about 350 km 2 from 2010 to 2015 (Table 3) .
In 1988, the military government took over Myanmar and started to implement a market-oriented economy. In 1990, the Yangon City Development Committee was empowered by the State Law and Order Restoration Council (SLORC) to develop Yangon into an international city [83] . Yangon's urbanization entered a new period since then. During 1989-1990, the SLORC launched an urban squatter resettlement program, moving millions of urban poor from the inner city to satellite townships built on paddy fields [84] . Consequently, the satellite townships contributed to most of the newly expanded built up areas from 1990 to 1995. Meanwhile, small private industries were also resettled into special areas, which are now called industry parks. Besides the squatter program, government employees with tenure of 15 years or more were allocated land as a reward to compensate low salaries and to control corruption. However, most of them did not move to the new townships due to poor infrastructure and costly commute [85] . Thus, the construction of townships partially stagnated, and some pending construction land even reverted to paddy fields after 1995. With stable economic development, Yangon witnessed fast urbanization during the first 10 years of military government. However, the Asian financial crisis in 1997 struck Myanmar, and severely impacted the economy and urbanization for the next 10 years. After the capital of Myanmar was moved from Yangon to Naypyidaw in 2005, Yangon experienced the slowest five years of urban expansion (Table 4 ). In 2010, the military government was replaced by a democratic government, and the new government accelerated the pace of opening up by enacting a new Foreign Investment Law. These actions re-boosted economic growth and urban development. From 2010 to 2015, the built up area in Yangon expanded by more than double compared to the previous five years.
Lao PDR also started an economic transition, the "New Economic Mechanism" (NEM), in 1986 [86] . To attract foreign investments, a series of foreign direct investments (FDI) laws were enacted from 1988 to 2009. As the capital of Lao PDR, Vientiane quickly became a paradise for foreign investors. The built up area expanded rapid, especially since 1995. However, foreign investments also led to severe urban sprawl in Vientiane. Due to the FDI promotion policy, the urban master plan was unable to efficiently control and regulate foreigners' investments. Many private communities, entertainment projects, and industry parks, were built around the peri-urban area. For example, the That-Luang marsh area, which played important role in regulating hydrological functions and providing a habit for various species, was developed with services, residential and entertainment facilities in the last decades [36, 87] . Consequently, the Vientiane population tended to concentrate in the business zones, or scatter along transportation corridors at the urban fringe. Thus, the built up area mainly expanded either along the Mekong River or along the national roads toward the north. Urban sprawl and population migration led to more fragmented land use patterns in Vientiane.
Phnom Penh suffered long-term depression since the Khmer Rouge occurred in the 1970s. Although several economic reform policies were implemented to attract foreign investments in the 1990s, the unstable political situation hindered the economic growth and urbanization of Phnom Penh. The built up area expanded at the rate of 2.6 km 2 per year before 2000. Only after 2000 did Phnom Penh begin to develop rapidly as political stability led to an increase in both domestic and foreign investments. In 2001, the new Land Law was passed meaning land could be owned privately. Since then, land that was previously used for rice farming was bought for the development of urban forms [65] . Thus, from 2000 to 2005, the built up area increased dramatically by more than 30 km 2 ( Table 6 ). At that time, many industries moved from the inner city to the urban fringe along roads between the urban core and airport and the 4th Road. Consequently, these industries not only decreased rental costs, but could also directly transport their products to Sihanoukville through the 4th Road.
There is a huge disparity in resources allocation in Bangkok. The largest landowner possesses about 24 km 2 of the land, and the top 50 owners account for 10% of all of Bangkok. The inner city of Bangkok has long suffered traffic congestion and pollution due to economic inequalities and lack of urban planning. Since 1990, urban expansion in Bangkok has been concentrated along the urban fringe due to two different factors. Rural migrants moved to urban fringes as the first step of the rural-to-urban migration process. Meanwhile, low-middle and middle income urban dwellers moved out to the urban fringe due to lower land rent and larger houses [88] [89] [90] .
Vietnam started the transition to a market-oriented economy through the implementation of the "Doi Moi Policy". The Land Law was enacted in 1987 to return land usufruct rights to individual farmers, and land was allocated to farmers with for 5 or 30 years for annual crop and perennial crop, respectively [91] . Table 8 shows that both annual crops and perennial crops increased slightly from 1990 to 1995. In 1993, the Second Land Law was issued, and the duration of land tenure for annual crop and perennial crop were extended to 20 and 50 years, respectively. Consequently, farmers preferred to plant perennial crop, since they felt more secure about their land with 50-year tenure. From 1995 to 2000, annual crops decreased dramatically, while perennial crops increased to near 60 km 2 . The Second Land Law also initially constituted the real estate market. Although there were many constraints on the real estate market, the signal to liberate urban land accelerated urban expansion after 1995 [92] . In 2003, the Third Land Law further established a real estate market in Vietnam, and foreign investors were granted more rights in the housing business. However, it is still difficult for foreign investors to compete with their domestic counterparts in terms of land acquisition, as well as business information, social networks, and political connections. Therefore, foreign investors were more likely to invest peri-urban areas, which have more growth potential. With this strategy, some flooding regions in the southeast of Ho Chi Minh City (Figure 4f ), were gradually developed into built up areas by foreign investors. Even though most of these newly grown built up areas were set on higher land, they were still facing flood risk due to the decline of natural land use types, sea level rise, or land subsidence [93] [94] [95] .
Conclusions
Since 1990, all cities in this study have experienced dramatic land use change. The forest area decreased obviously in Xishuangbanna and Vientiane. Orchard in Bangkok and annual crops in Ho Chi Minh City also showed a decreasing trend, whereas rubber plantations in Xishuangbanna expanded more than 3200 km 2 . Except for Xishuangbanna, the paddy fields area in the other cities decreased. These cities also witnessed rapid urban expansion. Xishuangbanna had the highest urban expansion intensity, followed by Ho Chi Minh City and Phnom Penh. As an international metropolis, Bangkok had lower urban expansion intensity compared to other cities. However, the urban area in Bangkok increased approximately 200 km 2 from 1990 to 2015. Most cities showed clear spatial orientations in the process of urban expansion. The self-connectivity of the built up areas was usually enhanced, and land use types outside the built up area (such as paddy, forest, and orchard) always showed trends of disaggregation and fragmentation. Over the past decades, the newly grown built up areas were mostly transformed from paddy and natural land use types, and large area of natural land use types were also replaced by paddy and cash crops.
The loss of natural land use types could lead to deforestation, soil erosion, and environmental deterioration in the GMS. These typical cities became more vulnerable to flood risk, due not only to the loss of natural land use types with flood storage capacity, but urban expansion on the flood plains. Land fragmentation is also a common issue among the typical cities, especially in Xishuangbanna and Vientiane. The fragmented land might lead to inefficient land management and endanger biodiversity.
To develop the economy, almost all countries in the GMS introduced a series of policy reforms since the 1970s. Generally, land reform and attitude toward foreign direct investments (FDI) were two key policy factors affecting land use change of typical cities in the GMS. The land policy reform improved farmers' enthusiasm for agricultural production, while accelerating land use transformation from natural land use types to agricultural land. The real estate markets, which were established through reform of land law, contributed to dramatic urban expansion. Furthermore, foreign investment laws were enacted by most countries in the GMS to attract FDI. This policy stimulated economic development, and led to uncontrolled urban growth and population migration at the same time. The misuse of urban planning and urban sprawl finally resulted in land fragmentation and consequent eco-environmental issues. Thus, our future studies will focus on analyzing specific eco-environmental consequences caused by land use change in these typical cities, and providing policy recommendations in support of urban planning and regional development. 
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Appendix A
Appendix B
Below is an example of land use classification approaches for Xishuangbanna.
Image segmentation
eCognition Developer provides a Multiresolution Segmentation algorithm that can minimize the average heterogeneity of image objects for a given resolution. In this study, we firstly segmented the image of Xishuangbanna in 2015 into two levels. The analysis layers of Xishuangbanna in 2015 consist of 10 image layers (DEM, Slope, and OLI bands without panchromatic band and thermal infrared bands) and 2 thematic layers (hydrological map including Riverline and Riverpolygon). All these layers were incorporated into segmentation process. To obtain the optimal parameter values for each level, we firstly visually identified three sets of parameter combination, and then adopted a discrepancy measure (ED2) to evaluation the segmentation performances [96, 97] . Table A2 . Segmentation evaluation using a discrepancy index (ED2). A large ED2 value indicates a significant discrepancy. Thus, the optimal segmentation parameters are listed as below.
Segmentation Evaluation
Level 1: scale 8, shape 0.1, and compactness 0.5; Level 2: scale 4, shape 0.1, and compactness 0.3. Level 1 was used to recognize land use types with texture characteristics, such as rural patches and urban patches. Level 2 was created from Level 1, as a set of sub objects. In Level 2, image objects were mainly categorized based on their spectral attributes.
Classification Algorithm
The classification algorithm follows the land use classification scheme in Figure 3 . In Xishuangbanna, 13 land use types were defined, including built up (including city proper and towns), river, water (including lake, reservoir, and ponds), pending construction land, rural, road, flood land, rubber, forest, shrub, paddy, upland field, and others (grassland, bare land, and vacant land). The descriptive steps of classification are listed as follows: 
Land use classification for other time periods
Repeat step 1 and step 2, and implement land use classification for other time periods.
